Deoxycytidine monophosphate deaminase (dCMP deaminase, DCD) is crucial to the production of dTTP needed for DNA replication and damage repair. However, the effect of DCD deficiency and its molecular mechanism are poorly understood in plants. Here, we isolated and characterized a rice albinic leaf and growth retardation (alr) mutant that is manifested by albinic leaves, dwarf stature and necrotic lesions. Map-based cloning and complementation revealed that ALR encodes a DCD protein. OsDCD was expressed ubiquitously in all tissues. Enzyme activity assays showed that OsDCD catalyses conversion of dCMP to dUMP, and the ΔDCD protein in the alr mutant is a loss-of-function protein that lacks binding ability. We report that alr plants have typical DCD-mediated imbalanced dNTP pools with decreased dTTP; exogenous dTTP recovers the wild-type phenotype. A comet assay and Trypan Blue staining showed that OsDCD deficiency causes accumulation of DNA damage in the alr mutant, sometimes leading to cell apoptosis. Moreover, OsDCD deficiency triggered cell cycle checkpoints and arrested cell progression at the G1/S-phase. The expression of nuclear and plastid genome replication genes was down-regulated under decreased dTTP, and together with decreased cell proliferation and defective chloroplast development in the alr mutant this demonstrated the molecular and physiological roles of DCD-mediated dNTP pool balance in plant development.
Introduction
Development of living organisms depends on the faithful delivery of genetic information over many generations. Cells have evolved multiple mechanisms for maintaining high fidelity DNA replication despite constant challenges from endogenous metabolic products and exogenous mutagens (Kunkel, 2004; Sohl et al., 2015) . The key elements of genome surveillance are the dNTPs (dATP, dGTP, dTTP, and dCTP), which are the building blocks of DNA required for DNA replication, recombination and repair events (Schaaper and Mathews, 2013) .
Perturbations in absolute and relative concentration of the four kinds of dNTPs have genotoxic consequences (Mathews, 2006) . On one hand, unbalanced dNTPs influence the fair competition in DNA base pairing, and provoke an increase in non-Watson-Crick base pairing (Gawel et al., 2014) . On the other hand, dNTP pool asymmetries disturb correct DNA repair progress, and the DNA base gap damage may allow misinserted, slipped or unrepaired bases over time, leading to cell apoptosis or mutation if these errors are allowed to continue (Kumar et al., 2010; Buckland et al., 2014) . In addition, the dNTP pools expand in the G1 and S phases, coinciding with initiation of DNA replication. Deficiencies in dNTPs arrest progression of the S-phase of the cell cycle (Elledge and Davis, 1990; Wang and Liu, 2006) . The integrities and copy numbers of the nuclear genome and the semiautonomous organelle genome depend on stable dNTP pool sizes. In replicating cells, the majority of intra-mitochondrial deoxynucleotides are synthesized in the cytosol and imported into mitochondria (Pyle et al., 2016) . dNTP imbalance can cause mitochondrial dysfunction (Maynard et al., 2013) . Similarly, dNTP deficiencies in dNTP supply can block replication of chloroplasts, and limited dNTPs are preferentially used for nuclear DNA synthesis (Garton et al., 2007; Yoo et al., 2009) . Hence, the formation and regulation of dNTP pools are crucial for chloroplast development as well as for cell development.
It is well known that dNTP pool sizes are precisely regulated through genetic and allosteric control. The former primarily links to DNA damage/repair events and the cell cycle, while the latter involves the allosteric enzymes ribonucleotide reductase (RNR) and DCD. These enzymes are critical in the dNTP de novo synthesis pathway, which is embedded within a larger network of nucleotide metabolism pathways. All dNTPs except dTTP are generated by RNR, which converts ribonucleotide diphosphates (NDPs) to their corresponding deoxyribonucleoside diphosphates (dNDPs) that are transformed to dNTPs. It balances four kinds of dNTPs as an S-phase checkpoint, whereas DCD specifically regulates the production of dTTP. DCD catalyses deamination of dCMP to dUMP, which in turn is converted to deoxythymidine monophosphate (dTMP) by thymidylate synthase (TS), and dTMP is finally converted to dTTP by dTMP kinase (dTMPK) and nucleoside-diphosphate kinase (NDK) (Ke et al., 2005) . The enzyme activity of DCD is allosterically activated by the dCTP level and inhibited by the dTTP level (Mathews, 2006; Mathews and Wheeler, 2009; Kumar et al., 2011; Hofer et al., 2012) . Although dUMP can be produced from deoxyuridine triphosphate (dUTP) or deoxyuridine diphosphate (dUDP) or deoxyuridine directly in the salvage pathway, 80% of the dUMP used in dTTP synthesis is produced by the DCD-mediated dTTP synthesis pathway (Bianchi et al., 1987) ; hence DCD is a crucial regulator in dTTP biosynthesis.
Changes of dTTP level are tied directly to the other three dNTPs. Investigations of DCD in most gram-positive microorganisms and eukaryotic mutants showed that defective DCD always induces particularly unbalanced dNTP pools (Bianchi et al., 1987; Zhang et al., 2007; Sánchez et al., 2012) . For example, a null mutation of the DCD in budding yeast, Saccharomyces cerevisiae, caused a ~125-fold increase in the dCTP/dTTP ratio (Kohalmi et al., 1991) . Deleting the DCD gene in fission yeast, Schizosaccharomyces pombe, increased dCTP by ~30-fold and decreased dTTP by ~4-fold. The dATP contents also increased by ~2.5-fold and dGTP decreased by ~2-fold (Sánchez et al., 2012) . Studies on mammalian cell lines indicated that dcd cell lines were sensitive to deoxyuridine, deoxyadenosine, and thymidine. This sensitivity was alleviated by exogenous cytidine or deoxycytidine (Dahbo and Eriksson, 1985) . The changed dNTP flux in dcd mutants showed that DCD is required to maintain a balanced dNTP pool.
In contrast to yeast and mammalian cell lines, knowledge of DCD function and regulation in plants is limited. A recent study showed that STRIPE2, which encodes a putative DCD-like protein, causes abnormal chloroplast development in rice (Xu et al., 2014) . However, it remains unclear as to how DCD impinges on genetic information or plant development through DCD-mediated regulation and perturbation of dNTP pools.
In this study, we isolated a rice dNTP pool-disturbed mutant, albinic leaf and growth retardation (alr), which exhibits arrested chloroplast biogenesis and reduced cell number. We demonstrated that ALR encodes an authentic DCD by in vitro enzyme activity assays. DCD deficiency led to less dTTP in the alr mutant thereby disrupting the balance of the dNTP pool. Application of exogenous dTTP recovered the wild-type phenotype. Further analyses revealed that lack of DCD induced DNA damage, and that unrepaired damage caused programmed cell death (PCD) symptoms in leaves. In the alr mutant, the numbers of mitotic figures were greatly decreased, and cell cycle progression was arrested in the G1/S phase, leading to decreased cell proliferation. In addition, the expression of both nuclear and chloroplastic replicationrelated genes was down-regulated, resulting in reduced cell number, decreased chloroplast number and interrupted chloroplast development in the alr mutant. These results demonstrated the molecular mechanism of DCD in regulating dNTP pool balance required for normal chloroplast development and vegetative growth in plants.
Materials and methods

Plant materials and growth conditions
The alr mutant, produced in an earlier ethyl methyl sulfonate (EMS) mutagenesis screen of indica variety '93-11', was crossed with the japonica variety 'Dianjingyou 1 (DJY)' to construct an F 2 mapping population. Plants were grown in a paddy field during the rice growing season or in a growth chamber with a 12-h light/12-h dark photoperiod at 30 °C.
Gene mapping and complementation analysis
A total of 2460 F 2 alr-like plants from alr×DJY were individually genotyped for estimating linkage to various SSR markers (Supplementary Table S1 at JXB online). OsDCD was mapped to a 98-kb region. The genomic sequences of candidate gene Os01g0765000 were obtained and confirmed in both the alr and wild-type genomes (Supplementary Table S1 ).
To test whether Os01g0765000 was responsible for the alr phenotype, Os01g0765000 was cloned into a pCMBIA1305 binary vector (primer sequences are listed in Supplementary Table S2 ) and introduced into homozygous recessive alr F 3 seeds by Agrobacterium tumefaciensmediated transformation as described previously (Jeon et al., 2000; Dong et al., 2013) . The transgenic plants were grown in a greenhouse.
Protein purification and enzymatic assays
Wild-type and mutant DCD cDNA was subcloned into pGEX-4T-2 and transformed into E.coli BL21 (DE3) for expression (primer sequences are listed in Supplementary Table S2 ). Bacterial cultures (2 ml) were grown overnight at 37 °C in LB medium, then transformed into 200 ml LB, and ongrown to the mid-log phase at 37 °C. Next the cells were induced using 0.3 mM isopropyl β-Dthiogalactopyranoside (IPTG) for an additional 5.5 h at 28 °C. They were harvested by centrifugation at 4000 g for 10 min and resuspended in 12 ml 1×PBS buffer. After disruption by sonication, the cell debris was removed by centrifugation at 13 000 g for 10 min. The soluble lysis fraction was loaded onto a nickel-chelating column and the target protein was eluted in elution buffer. Finally, the DCD protein was detected by SDS-PAGE, and used in enzyme assays. Collection and purification was carried out on ice. Enzyme assays were conducted to determine specific activity by measuring the decrease in absorption at 290 nm as described (Hou et al., 2008) . All measurements were performed three times, and average values were calculated.
Histochemical staining of GUS expression, DAB and Trypan Blue
For β-glucuronidase (GUS) staining assay, plant tissues were cut into small segments of approximately 2 cm 2 . The GUS-staining assay was performed as described by Jefferson et al. (1987) .
For 3,3′-diaminobenzidine (DAB) and Trypan Blue staining assays, the flag leaf and top-fourth leaf of the plant were used to represent the early and late stages of leaf development. The staining assays were performed as described previously (Wang and Liu, 2006) .
Measuring dNTP levels dNTP levels were measured by a DNA polymerase-based assay as described previously (Roy et al., 1999; Wang and Liu, 2006) . Commercial dNTPs (Promega) were used to generate a linear standard curve.
Comet assay
The comet assay was performed as described (Wang and Liu, 2006) . Forty comet nuclei were counted in each sample, and DNA damage was classified into four degrees as described previously (Yuan et al., 2010) .
Determination of the mitotic index
Root-tips from 3-day-old seedlings were collected and fixed in 200 μl formalin-acetic acid-alcohol fixative solution for 12 h and then stained in 5 μM 4′,6-diamidino-2-phenylindole (DAPI)-phosphatebuffered saline (PBS) solution for 3 h, followed by two washes in PBS. The mitotic cells in the root tip were observed by confocal laser scanning microscopy. The total nuclei and the M-phase nuclei (metaphase and anaphase/telophase cells) were counted (Yuan et al., 2010) .
Measuring DNA content with flow cytometric analysis Ploidy level was measured by flow cytometric analysis as described previously with minor modifications . About 100 mg of 10-day-old leaf tissue was chopped into 2 ml of a cold nuclear isolation buffer. After filtering through a 75-µm mesh, 200 µl of isolated cells was collected, and centrifuged at 500 g for 3 min. The precipitate was resuspended in 100 μl nuclear isolation buffer, and stained with 10 µg ml −1 of propidium iodide (PI). The DNA content was analysed on a FACStar Plus cytometer (Becton Dickinson). For each test, the ploidy level of 40 000 nuclei was recorded. The proportions of G1-, G2-, and S-phase cells were analysed using Modfit cell cycle analysis software.
Transmission electron microscopy
Wild-type and alr mutant leaf samples were harvested from fully emerged third leaves of 10-day-old plants, which were grown in a growth chamber. Leaf sections were fixed in 2.5% glutaraldehyde in a phosphate buffer at 4 °C for 4 h, then washed and incubated in 1% OsO 4 at 4 °C for 12 h. After dehydration in a gradient ethanol series, samples were embedded in Spurr's resin prior to ultrathin sectioning. Sections were stained with uranyl acetate and examined with a Hitachi-H7650 transmission electron microscope.
TUNEL assay
The leaves embedded in Paraplast (Sigma-Aldrich) were sectioned. After stripping the paraffin with xylene, the sections were treated with a TUNEL kit (DeadEnd Fluorometric TUNEL system; Promega) according to the manufacturer's instructions. The apoptosis signals were detected by a fluorescence confocal scanning microscope (Zeiss Axioplan).
Western blot analysis
Total proteins were isolated from 10-day-old wild-type and alr seedlings. The tissues were ground in liquid nitrogen and mixed with extraction buffer (50 mM Tris-HCl, pH 7.5, 1 mM EDTA, 150 mM NaCl, 0.1% Triton X-100, 5% β-mercaptoethanol, 1 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride) for 30 min. Cell debris was removed by centrifugation at 12 000 g for 15 min and proteins were separated on 10% SDS-polyacrylamide gels, transferred to polyvinylidene difluoride membranes, and immunoblotted with antibodies obtained from Beijing Protein Innovation Co., Ltd.
Results alr mutant exhibits pleiotropic developmental defects
The alr mutant has near-albinic to virescent leaves, reduced stature, and smaller seeds than wild-type ( Fig. 1A-D) . As the near-albinic leaves of alr mutant were expanding, some developed white-green striping and necrotic spots (Fig. 1E ). The chlorophyll a and chlorophyll b contents at different stages were less than those in the wild-type (Fig. 1F ). Plant height was less than wild-type at all growth stages and the II-V internode lengths were much shorter than wild-type at the heading stage ( Fig. 1G-I ). Microscopy revealed that the shortening involved lower cell numbers and longer cell lengths than wild-type ( Fig. 1J and Supplementary Fig.  S1 ), suggesting that the shorter plant of the alr mutant resulted from reduced cell number rather than cell length.
In addition to the albinic leaves and short stature, the alr mutant showed changes in agronomic traits, including delayed heading date, fewer tillers, and shorter panicles (Supplementary Table S3 ). These results indicated that the alr mutation confers pleiotropic developmental defects.
The ALR gene encodes a typical DCD protein that is expressed in all tissues
Genetic analysis showed that the albinic leaf phenotype of the alr mutant is controlled by a single recessive nuclear gene (Supplementary Table S4 ). Using the F 2 and F 3 mapping populations derived from the cross between the alr mutant and DJY, we mapped the ALR gene to a 98-kb genomic region between derived cleaved amplified polymorphic sequence (dCAPS) markers F869-17 and F869-15 on the long arm of chromosome 1 ( Fig. 2A ) (primer sequences are listed in Supplementary Table S1 ). Nineteen open reading frames (ORFs) were predicted in the region (http://www.gramene. org/). Sequence analysis revealed that a single-nucleotide (C) was inserted in the coding region of Os01g0765000, which was 747 bp long in wild-type, but 654 bp in the mutant. The inserted nucleotide led to premature termination of the predicted protein (Fig. 2B ). We concluded that Os01g0765000 was likely the ALR gene.
To confirm that the disruption of Os01g0765000 was responsible for the alr mutant phenotype, a fusion construct 1305GFP::ALR containing the wild-type Os01g0765000 gene was generated and introduced into the alr mutant. All 13 independent transgenic lines showed restored wild-type phenotypes (Fig. 2C, D) . To further verify the identity of ALR, we generated RNA interference (RNAi) transgenic plants in the Ningjing 1 and obtained 16 independent plants with white or yellow leaves ( Supplementary Fig. S2A ). Reduced pigment intensity and decreased expression of ALR occurred in the three tested transformants ( Supplementary Fig. S2B , C). We concluded that Os01g0765000 is responsible for the alr phenotypes.
ALR encodes a putative deoxycytidine deaminase protein in the cytidine deaminase (CDA)-like family that catalyses dCMP to dUMP and contains a deaminase catalytic motif and a Zn 2+ binding site. We conducted a comparative structural analysis of OsDCD and its homologous proteins. Amino acid sequence alignment revealed that the DCD proteins were almost conserved from bacteria to plants ( Supplementary Fig. S3A ). Although the alr mutant protein (ΔDCD) contains all conserved residues (black box), the lack of the C-terminal amino acids looks like a bridge that permits the adjacent monomer to be closer to a DCD homo-hexamer ( Supplementary Fig. S3B, C) . We speculated that the missing sequence may affect the formation of DCD oligomers. We carried out yeast two-hybrid assays and found that DCD indeed directly interacted with itself, but not ΔDCD (Supplementary Fig. S3D ). Previous studies showed that Streptococcus DCD maintains an activated enzyme as a homo-hexameric protein (Hou et al., 2008) . To gain an insight into whether loss of binding capacity affects the enzymatic activity of ΔDCD, we performed an in vitro assay to test the rice DCD deamination activity (Cummins and Balinsky, 1980; Hou et al., 2008) (Fig. 2E) . The kinetic assay showed that the deamination activity of the recombinant OsDCD protein rose and reached saturation as the substrate concentration increased, whereas ΔDCD showed almost no activity, similar to the negative glutathione S-transferase (GST) protein control (Fig. 2E) Table S5 ). To test whether OsDCD is allosterically regulated according to the ratio of dCTP/dTTP, we adopted different dCTP/dTTP ratios for the assay. As indicated in Supplementary Table S6 , with the same level of dCMP substrate, activation of dCTP was reversed by increasing dTTP level; the enzyme activity declined from 100% to 0.52%. Moreover, the relative activities of dATP and dGTP were 79.4% and 85.49%, respectively. These observations suggested that ALR encodes a conventional dCMP deaminase protein, whereas the ΔDCD protein in the alr mutant is a loss-of-function protein that lacks binding ability.
To investigate the tissue-specific expression pattern of OsDCD, we generated transgenic plants expressing a GUS reporter gene driven by the DCD promoter (pDCD::GUS). Histochemical assays revealed that DCD is constitutively expressed in young buds, roots, leaves, stems, leaf shoots and inflorescences (Fig. 2F) . Quantitative real-time reverse transcription (qRT)-PCR analysis also revealed that DCD was expressed in all tissues, but most abundantly in the leaves and inflorescences ( Fig. 2G and Supplementary Table S7 ). Thus we determined that DCD functions as a conventional dCMP deaminase in rice, and is constitutively expressed in all tissues. 
Decreased dTTP level is responsible for the alr mutant phenotype
We deduced that the alr mutation caused abnormal dTTP levels in alr plants. We measured dNTP levels in the alr mutant using a polymerase-based method as described previously (Roy et al., 1999; Wang and Liu, 2006) . As expected, dNTP levels observed in alr plants were changed relative to wild-type plants. The dTTP level was reduced by 0.71-fold, whereas dCTP increased 3.31-fold, and dATP, 1.43-fold. The level of dGTP was similar to that in wild-type plants (Fig. 3A) . The increased dCTP and dATP may be adjusted by RNR, another regulator of dNTPs. qRT-PCR showed that the expression of two subunits, RNRL1 and RNRS1, was up-regulated in the alr mutant (Fig. 3B) . dNTPs can be transformed by their analogues through the salvage pathway. A qRT-PCR experiment was performed to determine the response of genes in the dTTP salvage pathway. All genes known to accelerate dTTP formation were up-regulated (Fig. 3C) . These results suggested lack of DCD decreases dTTP level and disturbs the balance of dNTP pools in the alr mutant.
To further confirm whether the abnormal phenotype in the alr mutant is caused by the decreased dTTP and to investigate the relationship between dNTP levels and plant development, we applied exogenous dNTPs of various concentrations to wild-type and alr plants. Pigment intensity and plant height were measured. Wild-type plants were not affected by external application of dTTP, but the albinic leaf and dwarf phenotypes of alr mutant were fully rescued (Fig. 3D-G) . However, when dCTP, dATP, or dGTP was added, wild-type plants developed lower pigment intensity in new leaves and shorter stature as the concentration of the corresponding dNTP increased (Supplementary Fig. S4 ). The alr mutant treated with the corresponding dNTP showed a much more severe phenotype than control plants. These results showed that the developmental defects induced by excess dCTP, dATP, and dGTP in wild-type plants mimicked that of DCD deletion, demonstrating that the presence and balance of dNTP are vital for normal chloroplast development and plant growth. Furthermore, the mutant phenotypes in alr plants are due to reduced dTTP rather than increased levels of the other dNTPs.
Lack of DCD induces DNA damage and DNA damage response
Unbalanced dNTP pools induce DNA damage events in yeast and mammalian cell lines (Oliver et al., 1996) , we firstly tested DNA damage levels in 2-week-old seedlings of alr mutant and wild-type by the comet assay. Comet signals were classified in four grades as described previously (Luo et al., 2012) . The results showed that the alr mutant contained greater and more severe DNA damage than the wild-type (Fig. 4A-C) .
DNA damage is always accompanied by DNA damage responses, including activations of DNA repair and DNA replication checkpoint genes. We then determined the transcript levels of genes normally up-regulated by DNA damage, including ATM, ATR and PARP, which belong to the ATM/ ATR-mediated signaling response (Zhou and Elledge, 2000; Culligan et al., 2006) , and RAD51A2 and RAD51C, which encode RecA/Rad1 family proteins required for the homologous recombination (HR) repair pathway (Durrant et al., 2007) . Expression levels of all the genes were elevated in alr plants compared with wild-type, especially RAD51A2, which was up-regulated by ~37-fold (Fig. 4D) . To further assess HR repair events affected by increased DNA damage in the alr mutant, we introduced the HR system vector pINTRA7 into wild-type and alr mutant (Yang et al., 2010) . After GUS staining of the leaves of transgenic plants, we determined that the alr mutant had constitutively elevated levels of recombination compared with wild-type, as indicated by an increased frequency of blue spots (Supplementary Fig. S5 ).
To further investigate the issue of DNA damage in the alr mutant, we examined the sensitivity of alr mutant seedlings to the DNA damage agent cisplatin, a cross-linking molecule that induces DNA lesions (Luo et al., 2012) . With its shorter seedling, lower seed germination rate and severer degree of DNA damage, the alr mutant was more hypersensitive than wild-type to the cisplatin ( Supplementary Fig. S6A-D) . These results indicated that lack of DCD leads to DNA damage with subsequent induced activation of DNA repair and DNA replication checkpoints.
Accumulated DNA damage causes programmed cell death in the alr mutant
Since necrotic lesions appearing in mature leaves in the alr mutant suggested cell apoptosis (Fig. 1E) , histochemical markers were used to test whether accumulated DNA damage in the alr mutant leads to cell death. 3,3-Diaminobenzidine (DAB) stains H 2 O 2 released from damaged cells, and Trypan Blue stains apoptotic cells with a blue color. We chose the flag leaf and top-fourth leaf of the plant at the heading stage to represent the early and late stages of leaf development. Consistent with the results described above, higher levels of H 2 O 2 and larger patches of Trypan Blue-stained spots were detected in the top-fourth leaves of the alr mutant (Fig. 5A) .
To further characterize alr-mediated PCD, we performed terminal deoxyribonucleotide transferase-mediated dUTP nick-end labeling (TUNEL) assays that detect DNA fragmentation damage, one of the hallmarks of PCD. Only a few nuclei in wild-type sections were TUNEL-positive ( Supplementary  Fig. S7C, D) whereas the alr mutant had many TUNELpositive nuclei in the flag and top-fourth leaf sections ( Supplementary Fig. S7E, F) , indicating that DNA damage that occurred at the beginning of leaf development turned into necrotic spots with time. Correspondingly, the degree of DNA damage in the top-fourth leaves in the mutant was more severe than that in the wild-type as well as the flag leaf of the alr mutant (Fig. 5B) , suggesting that alr cells undergo hypersensitive PCD because of the accumulated DNA damage.
We measured the transcript levels of the PR5, PR10, PR1a, and PR1b genes, which are often up-regulated during PCD events (Agrawal et al. 2001) . Expression levels of all four genes were consistently elevated in the alr mutant in comparison with wild-type, especially in the top-fourth leaf (Fig. 5C ). These results indicated that the alr mutant had DNA damage symptoms and the accumulation of unrepaired DNA damage caused PCD in the alr mutant.
The alr mutant exhibits defects in cell cycle progression
Compared with the wild-type, the alr mutant showed retarded growth and decreased cell numbers ( Fig. 1J and Supplementary Fig. S1 ), whereas RNR acted as a DNA replication checkpoint at the S-phase, and was also upregulated (Fig. 3B) (Wang and Liu, 2006) . To determine whether the mitotic cell cycle was aberrant in the alr mutant, we firstly counted the mitotic figures in wild-type and the alr mutant in 3-day-old root tips by DAPI staining. We took metaphase and anaphase/telophase cells as markers of M-phase nuclei (Yuan et al., 2010) . The numbers of mitotic figures in the alr mutant were less than in wild-type, suggesting that alr was defective in entry to the M-phase (Fig. 6A) .
To further analyse the defective progression of the cell cycle in the alr mutant, we performed a flow cytometric analysis using cell nuclei from 10-day-old leaves to examine the nuclear ploidy in the alr mutant compared with wild-type plants. 2C and 4C cells have been used by some researchers to represent G1/S-and G2/M-phase cells, respectively (Takahashi et al., 2008; Xu et al., 2012) . The percentages of 4C cells were lower and 2C cells were higher in the alr mutant relative to wild-type (Fig. 6B) . The lower proportion of 4C cells in the alr mutant resulted in defective progression from the G1/S-to G2/M-phase. We also tested the expression of cell cycle-related genes. The G1/S-phase cell cycle marker genes R2 and H1 were both up-regulated compared with wild-type, and G2/M-phase genes CDKB1:1, CDKB2:1, CYCA2:1, CYCA2:2, and CYCB2:2 were all down-regulated (Fig. 6C ) (Sauter et al., 1995; Fabian-Marwedel et al., 2002; Li et al., 2011) . Our overall results indicated that lack of OsDCD in the alr mutant caused a blockage of transition from the G1/Sto G2/M-phase in the cell cycle, with the decreased cell numbers reflecting a lower cell division rate.
Chloroplast division and biogenesis are abnormal in the alr mutant
The decreased dTTP level in alr may influence plastid genome replication and division. Thus, we first tested the replication efficiency of the chloroplastic genome. SGR (Park et al., 2007) and rps12 (Sugimoto et al., 2007) are single-copy genes in the plant nuclear and plastid genomes, respectively. Their expression represents the copy numbers of nuclear and chloroplastic genomes (Garton et al., 2007; Yoo et al., 2009) . Using qRT-PCR we found that the expression levels of both the SGR and rps12 gene were severely reduced in alr plants (Supplementary Fig. S8 ). Both nuclear and chloroplastic genome replication appeared to be arrested by limited dTTP levels.
As rice chloroplasts in leaf are too crowded to calculate, and the albinic surface appeared in young leaf sheath, we used light microscopy and qRT-PCR to study chloroplast division in young leaf sheath (Fig. 1A) . Some cells in the alr mutant contained round chloroplasts like wild-type cells, but their chloroplasts were fewer in number and larger in size than those in WT; the other cells had no chloroplasts (Fig. 7A-C) . Compared with WT, the mRNA levels of chloroplast division-related genes MINE, FtsZ1, ARC5, PDV1, and PDV2 were all down-regulated in the alr mutant (Fig. 7D ). This result indicated that deficiency of OsDCD in the alr mutant affects chloroplast division.
To investigate whether the albino phenotype of the leaf in the alr mutant was due to defective chloroplast development, we tracked the progress of chloroplast biogenesis from proplastid to mature chloroplast by transmission electron microscopy (Avendaño-Vázquez et al., 2014) . The chloroplasts in wild-type were spherical, crescent-shaped, and semicircular, containing regular ultrastructure with and well-organized prolamellar-like bodies (PLBs) and prothylakoid membranes in different development stages (Fig. 8A-C) . The etioplasts in the alr mutant were smaller and lacked well-developed PLBs and prothylakoid membranes (Fig. 8D) , and the chloroplasts were also divided into two types: one group had fully developed ultrastructure with enlarged volume and looked like those in the wild-type (Fig. 8E, F) ; the other group were too small to see in cells (Fig. 8G, H) . Therefore the albinic leaf phenotype in the alr mutant could be caused by incorrect chloroplast developmental progression.
To further address the chloroplast development issue, we tested the transcripts of nuclear and plastid genes related to plastid development, photosynthesis and chlorophyll biosynthesis by qRT-PCR. Compared with wild-type, transcripts of the ATP synthase subunit gene atpA, the photosynthetic genes psaA, psbD, and RBCL encoded in plastids, and the chlorophyll biosynthesis-related genes HEMA and porA were all greatly reduced in the alr mutant leaves except for the transcription/translation apparatus gene rpoA encoded by plastid DNA (Fig. 8I) . The protein accumulation levels of atpA, rpoA, psbA and psbD were consistent with their transcription levels ( Supplementary Fig. S9 ). The decreased expression of genes related to chloroplast formation and function affects the chloroplast biogenesis in the alr mutant, and such leaves with near-albinic to virescent appearance might be caused by cells with aberrant chloroplast development progression.
Discussion
The strategy of maintaining dNTP balance in rice
To maintain genome stability, dNTPs are precisely regulated by RNR and DCD to safeguard DNA base pairing. RNR regulates the production of four dNTPs, while DCD protein specifically controls dTTP formation. In Arabidopsis, RNR subunit mutant cls8 and tso exhibited various developmental defects, including abnormal leaf and flower morphology, fasciated shoot apical meristems and bleached leaf sections (Wang and Liu, 2006; Garton et al., 2007) . dNTP levels in mutants were sharply decreased. However, the rice RNR mutant v3 or st1 showed a milder phenotype with a modest decline in dNTPs and defective chloroplast biogenesis during early leaf development (Yoo et al., 2009) .
As to the second regulator, DCD, rice st2 exhibited only aberrant chloroplasts and striped leaves. Our rice alr mutant showed a more abnormal phenotype with albinic leaves, dwarf stature and necrotic leaf spots. The leaves of the alr mutant contained less well-differentiated chloroplasts and pigment contents, and reduced cell numbers caused lower plant height (Fig. 1G-J and Supplementary Fig. S1 ). We also examined a T-DNA insertion mutant of the DCD homology gene At3g48540 in Arabidopsis obtained from TAIR (http://www.arabidopsis.org). Surprisingly, two mutants, SALK_005525 and SALK_043366C, showed no phenotypic difference from col-0 ( Supplementary Fig.  S10A-E) . Previous studies showed that Arabidopsis AtCDA1 (cytidine deaminase) was bifunctional, acting as a CDA and a DCD (Faivre-Nitschke et al., 1999) . AtCDA1 and AtDCD may have functional redundancy in Arabidopsis. This phenomenon differs from the alr mutant in rice, and reveals distinct molecular mechanisms of dNTP regulation between monocotyledonous and dicotyledonous plants.
We demonstrated that DCD catalyses the transition of dCMP to dUMP, providing the substrate for dTTP formation, and ΔDCD protein in the alr mutant is a loss-of-function protein that lacks binding ability ( Fig. 2E and Supplementary Fig.  S3 ). Disrupted function of DCD in alr induced a reduced dTTP level and increased the levels of dCTP and dATP. Expansion of the dCTP pool was likely due to feedback inhibition by dTTP on RNR (Fig. 3B) , which is regulated by decreased dTTP rather than dCTP, enabling dCTP synthesis to continue. In mammalian cells, DCD provides most of the dUMP required for dTTP synthesis (Oliver et al., 1996) . Externally supplied dUMP in st2 recovered the normal green phenotype (Xu et al., 2014) . By providing exogenous dTTP to alr plants, normal green leaf and plant stature were also rescued, suggesting that sufficient dUMP created by DCD is the crucial substrate for dTTP formation, and subsequently maintains the balance of dNTP levels. It is interesting that the dTTP level in the alr mutant was reduced only ~30% when ΔDCD protein lost its enzyme activity (Figs 2E and 3A) . In addition to the dTTP de novo synthesis pathway, all the genes except Apyrase3 in the formation of the dTTP salvage pathway were up-regulated in the alr mutant (Fig. 3C) . We speculate that the dTTP salvage pathway has an important and collaborative role in the alr mutant. To confirm this, the alr mutant was crossed with v3 and st1, respectively. As expected, no homozygous double mutant was obtained in the F 2 population (data not shown).
All the results indicated that RNR and DCD are necessary for the biosynthesis and regulation of dNTPs in rice, and are important for normal chloroplast development and plant growth. The different strategies in maintenance of dNTP balance between monocotyledonous and dicotyledonous plants remain to be further investigated.
DCD plays an important role in DNA damage repair during plant development dNTPs participate in many activities relating to genome integrity, including DNA replication, recombination, and damage repair. Imbalanced dNTP pools affect the appearance and frequency of mutants and strand breaks (Oliver et al., 1996) , even cell death (Yoshioka et al., 1987) . Studies in Saccharomyces cerevisiae showed that mutation rates induced by imbalanced dNTPs are elevated, with both substitution and insertion-deletion rates increasing by 10-to 300-fold (Kumar et al., 2011) . In alr plants, the dNTP pools were disturbed because of reduced dTTP formation caused by non-functional DCD.
We detected DNA damage in 2-week-old leaves by a comet experiment although necrotic lesions were not visible at that time ( Fig. 4A-C) . As more DNA damage accumulated in the growing leaves, the older leaves (the top-fourth leaf) had much more damage than new ones (the flag leaf) (Fig. 5B) , and necrotic lesions appeared on the leaf blades as the leaves aged (Fig. 1E) . DAB staining, Trypan Blue staining and the TUNEL experiment also showed that older leaves (the topfourth leaf) in the alr mutant showed the most severe cell death, and the size and numbers of necrotic spots in leaves were compatible with the accumulated degree of DNA damage (Fig. 5A-C and Supplementary Fig. S7 ). Many DNA damage checkpoint and repair response genes were also activated in alr plants (Fig. 4D) . The RAD51A2 and RAD51C genes associated with the HR pathway were abundantly expressed, up to 37-fold and 2.5-fold, respectively. HR events are usually initiated by double strand breaks (DSB) generated by DNA damage. The high frequency of HR in the alr mutant suggested limited DSB repair ( Supplementary Fig. S5 ). With accumulating non-repaired DNA, there was increased cell death leading to visual symptoms of damage. We speculated that the consequences of such genomic instability in the alr mutant were due to imbalanced dNTP pools. Similarly, compared with tso2-1 and rnr2a-1 single mutants, PCD just exists in the tso2-1 rnr2a-1 double mutant with a more serious defect in dNTP concentrations (Wang and Liu, 2006) . Further evidence for hypersensitivity in the alr mutant was obtained using the DNA damage agent cisplatin and dNTPdisturbance agent hydroxyurea ( Supplementary Fig. S6 ). The unbalanced dNTPs in the alr mutant prevented tissue cells from bearing the burden of extra DNA damage.
Decreased dTTP level affects both nuclear and plastid genome replication in plant development
The mitotic cell cycle consists of four distinct phases: G1, S (when DNA replication occurs), G2, and M (when the cell divides into two daughter cells). Precise molecular mechanisms underlie the regulation of entry into, and exit from, these special phases of the cell cycle. Perturbed progress of the cell cycle can slow or accelerate the rate of cell proliferation, or induce transit from the mitotic cell cycle to cause endoduplication. The alr mutant had reduced 4C cell numbers determined by flow cytometry, suggesting less mitotic activity and cell division (Fig. 6B) . The shorter stature of alr plants could be a direct result of limited dTTP during development, resulting in a lower cell division ratio and having an effect on aberrant organs (Figs 1J and 6A and Supplementary  Fig. S1 ). Unlike alr, the dwarf plants moc1 and gl3.1 with cell cycle progression defects showed increased nuclear ploidy with elevated 4C numbers Qi et al., 2012) . The difference in 4C number may be due to arrests of different phases in the cell cycle. We also tested the expression of cell cycle-related genes; marker genes for the G1/S phase were up-regulated and those for the G2/M-phase were downregulated (Fig. 6C) . In studies in fission yeast, a dcd + mutant with imbalanced dNTPs limited DNA synthesis and caused a delay in the cell cycle at the late G1 or early S phase (Sánchez et al., 2012) . Considering that the alr mutant has a decreased dTTP level resulting in dNTP imbalance, and that adequate and balanced dNTPs are required for DNA replication in the S phase (Torrents, 2014) , we speculated that the lack of rice DCD in our mutant caused an arrested cell cycle at the G1/S phase. Not only nuclear genome replication and cell division were decreased, but also plastid genome replication and chloroplast division were affected in the alr plants. Some cells in the alr mutant contained a reduced number of enlarged chloroplasts or none (Fig. 7A-C) . There could be some connection between the dNTP level and chloroplast division. The mRNA expression of the single-copy genes rps12 and SGR was severely reduced in the alr mutant ( Supplementary Fig.  S8 ), showing the plastid genome replication was reduced. But underdeveloped proplastids in the alr mutant were observed at the beginning of chloroplast biosynthesis progression, the way the proplastid converted to chloroplast could to be divided into mature chloroplast and atrophic chloroplast ( Fig. 8A-H) , and not all the reported chloroplast division mutants reported showed albino leaves (Peter et al., 2015) . We thus proposed that plastid DNA synthesis is arrested to allow chloroplast development rather than chloroplast division in developing leaves, leading to near-albinic to virescent leaves. The chloroplast is differentiated from the proplastid and the first step in this process is to build up the plastid genetic system. In the alr mutant the defect of chloroplast development occurred since the proplastid stage (Fig. 8D) , suggesting DCD is important for chloroplast differentiation during early chloroplast development.
Study of various dNTP mutants, inculuding tso in Arabidopsis and st1 and v3 in rice, has established a relationship between decreased dNTP pools and plant development (Yoo et al. 2009 ). The st1 and v3 mutations only exhibited chlorotic leaves and their phenotypes are conditional. Plastid DNA synthesis is preferentially blocked when dNTP supply is limited. The alr mutant is a dNTP-imbalance mutant with albinic leaves and growth retardation, and the nuclear and plastid genomes in the alr mutant were both severely reduced by DCD deficiency. The mutant phenotype can be rescued by dTTP alone (Fig. 3D-G and Supplementary  Fig. S4 ). Our results suggested that the albinic leaves and retarded growth phenotype of alr were mainly caused by defective chloroplast development and cell proliferation due to limited dTTP supply during plant growth. Interestingly, the phenotypes caused by excess dCTP, dATP, and dGTP in wild-type plants mimic those caused by DCD deficiency in the alr mutant. This reveals that decreased dNTP pools, decreased single dTTP pool or increased dNTPs can influence chloroplast development and cell growth. This has enhanced our understanding of the relationship between dNTP flux and plant growth.
In conclusion, very few in-depth studies of DCD have been carried out in plants although impaired chloroplast morphology was reported in striped leaves of the rice st2 mutant (Xu et al., 2014 ). Here we found that the alr mutant, an allelic mutant of st2, produces albinic leaves throughout the entire growth period, and exhibits retarded growth and necrotic lesions on leaves. We identified the OsDCD protein by enzyme activity assays, and elucidated its role in dTTP biosynthesis and in maintaining the balance of dNTP pools in plant growth. Moreover, we found that the alr mutant contained a disturbed dNTP pool with decreased dTTP level. Finally, we demonstrated that deficiency of OsDCD increased DNA damage, arrested the cell cycle, and limited the DNA replications of both the nuclear and plastid genomes. These genetic effects ultimately led to abnormal chloroplast phenotypes and dwarf stature in the alr mutant.
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